Abstract River-tide dynamics remain poorly understood, in part because conventional harmonic analysis (HA) does not cope effectively with nonstationary signals. To explore nonstationary behavior of river tides and the modulation effects of river discharge, this work analyzes tidal signals in the Yangtze River estuary using both HA in a nonstationary mode and continuous wavelet transforms (CWT). The Yangtze is an excellent natural laboratory to analyze river tides because of its high and variable flow, its length, and the fact that there are do dams or reflecting barriers within the tidal part of the system. Analysis of tidal frequencies by CWT and analysis of subtidal water level and tidal ranges reveal a broad range of subtidal variations over fortnightly, monthly, semiannual, and annual frequencies driven by subtidal variations in friction and by variable river discharges. We employ HA in a nonstationary mode (NSHA) by segregating data within defined flow ranges into separate analyses. NSHA quantifies the decay of the principal tides and the modulation of M 4 tide with increasing river discharges. M 4 amplitudes decrease far upriver (landward portion of the estuary) and conversely increase close to the ocean as river discharge increases. The fortnightly frequencies reach an amplitude maximum upriver of that for over tide frequencies, due to the longer wavelength of the fortnightly constituents. These methods and findings should be applicable to large tidal rivers globally and have broad implications regarding management of navigation channels and ecosystems in tidal rivers.
1. Introduction 1.1. River Tidal Dynamics Understanding of tidal wave propagation and tidal properties of estuaries is of broad scientific and societal importance for tidal prediction and management of navigation channels and estuarine ecosystem [Dronkers, 1986; Friedrichs and Aubrey, 1994; Kukulka and Jay, 2003b; Buschman et al., 2009] . Tidal waves propagating from oceans and shelves to coasts and estuaries are modified by shallow water friction, basin topography (estuarine length and convergence in width and depth), and river discharge [e.g., Jay, 1991; Friedrichs and Aubrey, 1994; Li and O'Donnell, 2005; Lanzoni and Seminara, 1998; Godin, 1999; van Rijn, 2011] . Depending on the balance between friction, channel convergence, and river flow, the amplitudes of the principal tidal constituents may reduce, increase, or remain constant during the landward propagation [e.g., Jay, 1991; Friedrichs and Aubrey, 1994; Savenije et al., 2008] . The same factors will cause nonlinearly generated low (subtidal) and high (overtide) frequencies to behave differently from astronomical constituents [Gallo and Vinzon, 2005; Matte et al., 2014] . We argue here that the differences in wavelength of various tidal species are also important in long estuaries.
Tidal waves impinging from the ocean are distorted as they move into coastal and estuarine waters. Since wave celerity is a function of water depth in shallow waters, faster high water propagation and slower low water propagation lead to tidal wave deformation that is reflected in unequal durations of rising and falling water levels and peak ebb and flood currents Friedrichs and Aubrey, 1988] . In harmonic terms, tidal distortion is expressed by the interaction between astronomical constituents and their overtides. Distortion of the semidiurnal M 2 tide, for example, gives rise to overtides such as M 4 , M 6 , and M 8 at 23, 33, and 43 of the frequency of M 2 [Pugh, 1987; Parker, 1991; Le Provost, 1991; Walters and Werner, 1991; Wang et al., 1999] . Interaction between M 2 and M 4 leads to widely observed tidal distortion and asymmetry on a 12.42 h time scale because M 2 is the largest astronomical constituent in most regions and M 4 is the dominant overtide [Pugh, 1987; Friedrichs and Aubrey, 1988] . Interactions between different astronomical constituents generate a series of compound overtides [Parker, 1991; Wang et al., 1999] , and these may also contribute tidal asymmetry [Song et al., 2011] . For instance, the semidiurnal constituents M 2 and S 2 interact to generate a quarter-diurnal MS 4 tide (T 5 6.1033 h) and a fortnightly MSf (T 5 14.7653 days) tide Parker, 1991] . The fortnightly MSf tide is often substantial (amplitude > 0.1 m) in tidal rivers but its behavior has been little examined because of its long wavelength and difficulties in separating the fortnightly signals from effects of variable river flow. Significant fortnightly subtidal water level variations are typically found in tidal rivers, causing lower mean water levels (MWL) on neap tides than on spring tides Buschman et al., 2009; Sassi and Hoitink, 2013; Jay et al., 2014] . Though it is known that both overtides and compound tides affect tidal asymmetry in varying time scales; however, their behavior in response to varying river discharges in tidal rivers has been given less attention.
River discharge strongly alters tidal propagation by reducing tidal amplitude, delaying wave propagation, and altering energy distribution between tidal frequencies [Godin, 1985 [Godin, , 1991 [Godin, , 1999 Jay and Flinchem, 1997; Horrevoets et al., 2004] . Jay [1991] and Jay and Flinchem [1997] suggested that river tides (river-modulated tides in estuaries) have complex behavior in several aspects: (1) strong frictional damping by a river flow; (2) variable interaction of barotropic tide with itself through nonlinearities in bed stresses that are modulated by a river flow; (3) topographic funneling of tidal waves in a predominantly convergent fluvial geometry; (4) incident and reflected waves of each species; and (5) bodily advection of the tide by a river flow. A higher river discharge progressively attenuates tidal energy and reduces tidal range via enhanced tidal friction [LeBlond, 1978; Godin, 1985 Godin, , 1991 Godin, , 1999 Savenije et al., 2008; Savenije, 2005; Cai et al., 2012] . Tidal damping is frequency-dependent such that higher frequencies are damped faster spatially by a river flow even as they are being generated [Godin, 1985 [Godin, , 1991 , reaching a point upstream where they are damped even faster than they are being generated [Matte et al., 2014] .
River discharge is rarely constant. It can vary rapidly, sometimes over a large range. A time-varying river discharge induces strong nonstationary behavior in tidal signals [Flinchem and Jay, 2000; Jay and Kukulka, 2003] . Capturing the nonstationary features of river tides and incorporating them into an analytical model to distinguish tidal (banded) from nontidal (broadband) variations is difficult [Matte et al., 2013] . Thus, it remains a challenge to examine nonstationary river tidal characteristics.
Tidal Analysis for Nonstationary Systems
Tidal dynamics have been extensively studied through tidal analysis and multiple modeling techniques. Traditional methods for analyzing tidal signals include harmonic analysis (HA) and Fourier analysis. The HA method, introduced in the late nineteenth century [e.g., Darwin, 1891] , was improved as knowledge of tidal potential developed [Doodson, 1921] through application of inverse techniques and robust confidence estimation methods, and by the introduction of improved inference and nodal modulation procedures [Foreman, 1977; Foreman et al., 2009; Pawlowicz et al., 2002; Leffler and Jay, 2009; Matte et al., 2013] . The HA method makes primary assumptions: (1) tides are stationary and independent of other oceanic and atmospheric influences; (2) there is a fixed number of tidal constituents with discrete periodicities, phase angles, and amplitudes; and (3) tidal constituents are mutually independent [Dean, 1966; Godin, 1972; Jay and Flinchem, 1997; Flinchem and Jay, 2000] . HA determines the amplitudes and phases of a number of tidal constituents with predetermined frequencies defined by tidal potential [Doodson, 1921] via a least-square-fit applied to the measured tidal heights. An important limitation of the HA method is the data length required to resolve subfrequency tides (frequency lower than diurnal tides) and to distinguish tidal constituents within close frequency intervals, the so-called Rayleigh criterion [Godin, 1972] .
The stationary assumption of the HA method is approximately valid for oceanic tides in deep waters. However, coastal tides are chaotic [Frison et al., 1999] and often subjected to nonstationary interactions with meteorological forcing and river discharge [Jay and Flinchem, 1997] . Tidal harmonic constants may vary over the analysis period in tidal rivers; thus, conventional HA will leak energy from major constituents to their neighboring frequencies [Foreman et al., 1995] . Amplitude and phase variability during an HA window also reduces the estimated amplitudes [Zaron and Jay, 2014] . In practice, it is still possible to perform a short-term HA (e.g., HA on a data length of 30 days) to resolve major tidal constituents provided that the Journal of Geophysical Research: Oceans 10.1002/2014JC010491 nontidal forcing varies little during the data window period. When river discharge variability is high, however, HA will provide inaccurate results because of the nonlinearly and mutually dependent behaviors of nearby tidal spectral bands [Godin, 1999; Jay and Flinchem, 1997, 1999] . Also, because tidal currents are more sensitive than water levels to nonstationary variations, HA of current records has been less successful than for water level records [Godin, 1983] . Overall, short-term HA cannot resolve enough tidal constituents for predictive purposes, and HA on long records hides the nonstationary behavior on time scales of days to seasons and provides no information on variations over time.
Progress in analyzing nonstationary tides has been made in the recent decades. Jay and Flinchem [1997] reviewed tidal analysis methods that were applied to nonstationary tides, e.g., species concordance method [Simon, 1991] and complex demodulation method (essentially a single-frequency wavelet approach), and found that the continuous wavelet transforms (CWT) is an effective tool in analyzing nonstationary tides. The CWT method (see section 2.3 and Appendix A for details) optimizes time-frequency resolution so that near-instantaneous response of tidal waves to varying river discharges is exposed. Hence, the CWT method is more accurate and efficient than HA in coping with nontidal variations and strong time-varying properties. Application of CWT to the tides of the Columbia River estuary was reported by Jay and Flinchem [1997] , Flinchem and Jay [2000] , Jay [2003a, 2003b] , followed by Buschman et al. [2009] , Sassi and Hoitink [2013] , and Shetye and Vijith [2013] for other tidal rivers. The basic principles of CWT in analyzing tidal signals were provided in Jay and Flinchem [1997, 1999] . A major limitation of the CWT method lies in that it only outputs information regarding tidal species rather than individual tidal constituents. Thus, neither HA or CWT can by itself fully resolve nonstationary tides-HA has limited time resolution and CWT method cannot at present resolve tidal constituents.
Aim and Methodology
The foregoing review suggests that nonstationary river tides exhibit complex behavior over time and space. But it remains uncertain, for instance, how different tidal constituents or species are modulated in the time, space, and frequency dimensions by unsteady river discharges. Thus in this study, we explore river tidal dynamics regarding damping of astronomical constituents, modulation of shallow water constituents, and the spatial and temporal evolutions of tidal frequency spectra under the influence of nonstationary river discharges. We also explain the mechanisms of tidal-fluvial interaction in terms of tidal and subtidal friction.
For this purpose, we analyze long-time series of tidal data in the Yangtze River estuary (YRE) employing both HA and CWT methods. The YRE is a large river system influenced by both highly varying, large river discharge and strong tides with a mixed regime. It provides a natural laboratory for our study, because it is long relative to the tidal wavelength, so that the full resolution of tides upriver can be analyzed, and there is no reflecting dam or other engineered barriers below the head of the tide, so that tidal waves travel landward for hundreds of kilometers and exhibit a broad range of nonstationary behavior that has not previously been documented. The tidal processes analyzed here are, moreover, likely typical of other large tidal systems.
Setting, Data, and Methods

Introduction to the Yangtze River Estuary
The YRE covers the area where the Yangtze River (also called the Changjiang River) meets the East China Sea (Figure 1 ). Shaped by large river discharges, strong tides, and moderate wind and waves, the YRE now has two major channels connecting to the sea [Yun, 2004] . The South Branch is the main channel discharging river flow and accommodating tidal prism, whereas the North Branch delivers limited fresh river water and is a tide-dominated environment; thus, it is excluded in this study.
Traditionally, the YRE has been divided into three reaches, based on the spatial variations of fluvial and tidal energy: (1) an upper estuary between Datong (tidal wave limit) and Jiangyin (405 km downstream Datong) where river forcing dominates; (2) a middle estuary between Jiangyin and Zhongjun (615 km downstream Datong) where both river and tidal processes are important, and (3) a lower estuary seaward of Zhongjun where tidal forcing dominates [Shen, 2003, Figure 1 ]. Datong and Jiangyin are the upstream limits of tidal wave influence and tidal current reversal, respectively, under moderate river and tidal conditions. Some minor tidal oscillations are still observed at Datong during low discharge periods. The river reaches between Jiangyin and Zhongjun are characterized by a seaward increase in channel width from 3 km to nearly Rive discharge measured at Datong (Figure 1 ) is huge and variable, primarily on season time scales. From measurements over the past 60 years, the daily river discharge at Datong varies between 6000 and 92,000 m 3 /s with an annual mean value of 28,600 m 3 /s [Zhang et al., 2003] . River stage varies between $4 and $16 m for river discharges between $10,000 and $80,000 m 3 /s at Datong based on data between 1998 and 2013. Thus, a high river discharge greatly increases river stage upstream and produces a longitudinal water level gradient that is 4 times greater than that during low river discharge periods. Interannually, the Yangtze River is subject to alternating high (e.g., flood in 1998) and low (e.g., drought in 2006) flow conditions. Seasonally, the river discharge hydrograph is characterized by a wet season between May and October and a dry season between November and April (see Figure 3a) . The durations of high and low river discharges can be several months (instead of in days to weeks as in mountainous rivers), making it easier to distinguish tidal dynamics between high and low river flow conditions.
The Three Gorges Dam (located about 1100 km upstream Datong) has operated since 2003. It has reduced the annual flood peak discharge by up to 20,000 m 3 /s while the dry season discharge has increased by 500-2000 m 3 /s, considerably flattening the river discharge hydrographs [Gao et al., 2013] . Overall, the operation of the Three Gorges Dam does not induce rapid fluctuations of river discharges and water levels at Datong. Also, there is no big tributary in the lower basin downstream Datong though along-channel water withdrawal reduces river discharge to some degree (less than 10%) [Zhang et al., 2012] , an effect not considered in this study.
Tides from the East China Sea that enter the YRE are mixed, with significant semidiurnal and diurnal components, with an A D1 /A D2 ratio of $0.24 (A is amplitude, D 1 refers to the diurnal wave, and D 2 refers to the semidiurnal wave, see below). A mean tidal range of 2.66 m and a spring tidal range up to 5 m are observed at the mouth [Yun, 2004] . In the landward direction, tidal waves first amplify and then damp further upstream to the head of the tide at Datong due to the friction and river discharge. The mean tidal prism is 10 times larger than the mean river flow, suggesting that both river discharge and tides are significant forces in the YRE.
Tidal waves are significantly distorted during propagation in the YRE, and this distortion increases landward, resulting in longer falling tides and shorter rising tides (Figure 2 ). The duration of the falling tide increases from 6.2 h at Niupijiao to 8.6 h at Nanjing on a spring tide in the dry season. A high river discharge reduces tidal ranges and increases tidal deformation relative to a low river discharge. Interestingly, the maximum spring tidal range in the wet season ( Figure 2c ) may be larger than that in the dry season ( Figure 2a ) downriver (e.g., at Xuliujing, Yanglin, and Niupijiao), whereas tidal ranges are overall larger in the dry season than in the wet season at Nanjing on both spring and neap tides. These variable tidal properties can only be explained via more detailed analysis (see section 3.1).
Data
Long time series of river discharges and water levels in the YRE were collected from the Bureau of Hydrology, Changjiang Water Resources Commission (CWRC) for detailed analysis in this study. Daily river discharges at Datong was measured between 1998 and 2013. Hourly tidal water levels were provided for an 8 year period between 2006 and 2013 at Nanjing, Xuliujing, Yanglin, and Niupijiao. Irregularly spaced water levels were collected at Zhenjiang and Jiangyin. Although the time resolution of the water levels at Zhenjiang and Jiangyin is too low for in-depth analysis, they still show spring-neap tidal variations (Figure 3 ). For all stations, the water levels are converted to elevation relative to the Wusong Datum (mean sea level at the coast) from their local reference levels.
Cross-sectionally integrated tidal discharges were measured at Xuliujing by a horizontally mounted ADCP with hourly resolution between September 2009 and August 2010 by the Changjiangkou Hydrological Survey Bureau [Zhu et al., 2008] and analyzed by the method of Hoitink et al. [2009] and Buschman et al. [2009] . The tidal discharge data are converted into cross-sectionally averaged velocities by dividing cross-sectional areas appropriate to the instantaneous water levels. These velocities are used to assess the relative contribution of river discharge and tides to subtidal friction according to the decomposition method proposed by Buschman et al. [2009] .
Tidal Analysis Methods
Five types of tidal analysis were conducted, preliminary tidal height analysis (e.g., analysis of subtidal water levels and tidal ranges), HA, NSHA, CWT, and subtidal decomposition of current velocities. First, we estimate two kinds of subtidal water levels, tidal daily and fortnightly MWL by averaging water levels over 25 h and 15 days moving windows, respectively. The 25 h moving average filter captures the low-frequency energy well although it eliminates M 2 signal and passes portions of K 1 and S 2 and other constituents to a minor degree [Godin, 1972] . Tidal ranges are estimated in a manner similar to Kukulka and Jay [2003a] and Matte et al. [2013] , by high-pass filtering the hourly water levels to remove variations at subtidal frequencies, interpolating the data to 6 min intervals, and determining the minimum and maximum heights using a 27 h 
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moving window with a 1 h step. The tidal ranges are estimated by the differences between the minimum and maximum water levels in each 27 h window. Results of these preliminary analyses are presented in section 3.1.
Second, we use HA in a long and short-term mode and in a nonstationary mode to estimate amplitudes and phases of tidal constituents based on the T_TIDE function (see Appendix A and Pawlowicz et al. [2002] ). Long-term HA provides a preliminary impression of the time-averaged tidal properties of individual constituents, but does not resolve the time-varying behavior. The short-term HA (STHA) uses successive, short windows (e.g., 30 days) to provide a time series of tidal outputs for a limited number of constituents. The STHA is limited in the number of constituents and the scales of variability that can be resolved. To overcome this problem, we employ HA in a nonstationary mode (NSHA). NSHA is conducted on tidal levels during the periods when river discharge is within certain ranges. Specifically, NSHA is performed on tidal levels at Nanjing and Xuliujing during the periods when river discharge at Datong is, for example, between 10,000 and 15,000 m 3 /s. There is a total of 17,442 h of observations in this range during the 8 year period analyzed, though the periods with this range of flow are discontinuous. Because larger amount of data are used, this approach resolves the major tidal constituents with precision higher than the results from STHA applied to a 30 days record. Similar analyses are conducted for river discharges up to 45,000 m 3 /s in an increment of 5000 m 3 /s. There are fewer data points for river discharge higher than 45,000 m 3 /s; thus, these flow levels are not analyzed (see section 3.3). Note that even with NSHA, some averaging over river discharge occurred, and some behavior related to nonstationarity is not resolved, e.g., any possible lags between discharge and tidal properties.
Third, a CWT method is used to analyze spatial and temporal evolutions of tidal frequency spectra and properties of tidal species. The CWT method applies a wavelet transform as a band-pass filter to a tidal time series of signals. In essence, the CWT is a time variable analog to the Fourier transform, but with lower 
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frequency resolution. Thus, the one-dimensional input is transformed into a two-dimensional output in time and frequency, resolving both the dominant frequency modes and the variations of these modes over time [Jay and Flinchem, 1997; Torrence and Compo, 1998 ]. CWT analysis is able to resolve different tidal species, e.g., the diurnal (D 1 ), semidiurnal (D 2 ), and quarter-diurnal (D 4 ) bands, but not tidal constituents (e.g., M 2 and O 1 tides) within species. The CWT method is also applied to the time series of tidal currents, allowing decomposition of those currents into a residual (subtidal) component and several tidal species. Details of the CWT method and the settings are described in the Appendix A, and results of CWT are presented in section 3.2.
Finally, to explain the development of subtidal variations in MWL, we use the current velocities to estimate subtidal friction components caused by river flow, river-tide interaction, and tidal asymmetry according to the subtidal momentum decomposition method in Buschman et al. [2009] (see Appendix A). This analysis will expose the relationship between subtidal variations of tidal currents, friction, and water level fluctuations (see section 3.4).
Results
Subtidal Variations
Fluctuating river flow causes large seasonal variations of MWL along the YRE. Daily MWL is systematically lower on neap tides than on spring tides in the reaches between Nanjing and Xuliujing, although this phenomenon is less evident at Niupijiao (Figure 3b ). This phenomenon indicates that fortnightly subtidal water level variations in the upstream region of the estuary are strong. Additionally, although the highest high waters in a spring-neap tidal cycle typically occur on spring tides at all stations from Nanjing to Niupijiao, the opposite is not true for the lowest low waters. Specifically, the lowest low waters occur on neap tides at more landward stations (e.g., at Nanjing and Zhenjiang), whereas the lowest low waters still occur on spring tides at more seaward stations (e.g., at Xuliujing and Niupijiao) as they typically do in coastal, tide-dominated environments [LeBlond, 1979; Gallo and Vinzon, 2005] . The source of this phenomenon is that the fortnightly changes in daily MWL grow upriver and become larger than tidal monthly variations in tidal range. Lower low waters on neap tides are observed at Zhenjiang but not at Jiangyin, suggesting that the fortnightly variations of the daily MWL become prominent upstream Zhenjiang, while the fortnightly variations of tidal ranges (in spring-neap cycles) dominate at more seaward stations.
Tidal ranges exhibit strong temporal variations, e.g., fortnightly variations corresponding to the spring-neap tidal cycles (Figure 4a ). Spring tidal ranges are about $2.21 and $1.36 m larger than neap tidal ranges at Niupijiao and Xuliujing, respectively. Moreover, the spring-neap variations in tidal ranges are rather irregular, so that the tidal ranges of successive spring or neap tides are unequal, indicating tidal monthly variations. On average, spring tidal ranges are $0.48 and $0.34 m larger than the preceding or succeeding spring tidal ranges at Niupijiao and Xuliujing, respectively. Similar variations occur for neap tides. Seasonally, tidal ranges decrease remarkably in the wet season at Nanjing, following the river discharge hydrograph, whereas the influence of rive flow is less obvious at Niupijiao. Moreover, spring tidal ranges typically reach seasonal maxima in February-March and August-September when the tidal range differences between spring and neap tides at the ocean entrance are also maximal (i.e., at Niupijiao). These monthly and seasonal variations in tidal ranges explain why spring tidal ranges in the wet season (e.g., in August) are larger than in the dry season (e.g., in January) as observed in Figure 2 . Figure 4a also shows that neap tidal ranges at Niupijiao and Xuliujing are nearly the same (especially between February and April and between August and October), whereas spring tidal ranges are overall much larger at Niupijiao than Xuliujing. This suggests that spring tides are much more attenuated in the landward direction than neap tides. In other words, there are strong fortnightly and seasonal variations in tidal damping rate in the landward direction. This phenomenon is also reflected by a landward decrease of A S2 /A M2 amplitude ratio from Niupijiao ($0.45) to Nanjing ($0.40) ( [1999] indicated that most linear tidal constituents damp more rapidly than M 2 in a tidal river, though some may also be increased by nonlinear energy transfer or resonance. This occurs because the along-channel tidal energy flux is quadratic with tidal range while dissipation is cubic so that tides decay more rapidly on spring tides than on averaged or neap tides [Jay et al., 1990] . Figure 4b shows temporal variations of fortnightly and daily MWL. The fortnightly MWL demonstrates seasonal variations following seasonal river discharge fluctuations. The daily MWL exhibits significant fortnightly variations. The differences between the daily MWL and fortnightly MWL represent the magnitude of the fortnightly subtidal water level variations, which can be as large as $1.0 m (Figure 4c ). Linking Figures 4a and 4c, positive and negative variations in fortnightly subtidal water levels correspond to the spring and neap tides, respectively, indicating that the daily MWL on spring tides can be $1.0 m higher than on neap tides. The amplitudes of fortnightly variations are generally smaller in the wet season because a high river discharge damps the tides substantially. Spatially, the maximum amplitude of the fortnightly fluctuations usually occurs between Zhenjiang and Nanjing. At Niupijiao, there are less regularity and more spikiness in the fortnightly subtidal water level variations, which may be attributed to atmospheric influences. In summary, tidal signals in the YRE exhibit strong tidal fortnightly, monthly, and seasonal variations in subtidal water levels and tidal ranges. Fluctuations in MWL are primarily due to tidal-fluvial processes landward of Niupijiao, but coastal processes become more prominent close to the ocean. This along-channel gradient in the dominant forcing processes is typical of river estuaries . detected at Xuliujing. Farther upstream, the D 1 and D 2 tidal energy are attenuated to a large extent at Nanjing ( Figure 5c ). Tidal decay is much stronger during the high river discharge period (between June and September). Simultaneously, the fortnightly signals gain strength. At Datong, the tidal signal is very small and little fortnightly tidal signal remains; only the seasonal signals are still significant, forced by fluctuating river discharges (Figure 5d ). Overall, the CWT results illustrate landward decay of oceanic (i.e., D 1 and D 2 ) tides and internal generation of both supra and subfrequencies. The strong fortnightly frequency signals do not originate from river flow or oceanic tides but are mainly generated inside the estuary because there is very little energy at the fortnightly frequencies in the oceanic tides and in the river flow. Similarly tidal monthly signals can be also internally generated but they are poorly separated from the monthly fluctuations in oceanic tides and river flow. Figure 6 shows time-averaged (over the year of 2009) wavelet power structure determined by CWT at Niupijiao, Xuliujing, and Nanjing. It is evident that tidal daily variance (the summed wavelet power of the D 1 and D 2 bands) dominates at Niupijiao, with another peak in the annual band but no significant energy in the quarterdiurnal and fortnightly bands. The tidal daily variations decrease in the upstream direction, whereas the low-frequency and overtide (e.g., D 4 ) bands gain wavelet power upriver, especially the fortnightly and annual bands. The tidal daily variance explains 97.2% of the total variance (integrated wavelet power over the complete frequency spectrum) at Niupijiao, but only 76.8 and 1.6% at Xuliujing and Nanjing, respectively. Thus, there is a landward decrease of tidal daily oscillations and a landward increase of lowfrequency and overtide oscillations. Note that the D 4 amplitude is maximal in the lower part of the estuary, around Yanglin.
Time-Frequency Analysis of Tidal Species
We further quantify the D 1 , D 2 , and D 4 amplitudes by summing the weighted wavelet power and converting to wavelet amplitude based on equation (A5). Figure 6 are, however, contaminated by river flow fluctuations at Datong and by coastal processes at Niupijiao; thus, they do not represent purely tidal effects.
Semiannual variations in tidal strength are also evident, though they are not as strong as the fortnightly variations. Figure 4a shows that the spring tidal ranges tend to be larger and neap tidal ranges tend to be smaller between February and March and between August and September, than during the other months. Figure 7 again shows larger spring-neap tidal amplitude variations around March and September. These Figures 7a-7c indicates that the semiannual variation pattern is out of phase with river discharge fluctuations. Instead, the semiannual variations stem primarily from oceanic tides (reflected by tidal signals at Niupijiao). This phenomenon may be a surface manifestation of the internal tides in the East China Sea [Lien et al., 2013] , but merits future study because seasonal variations of these internal tides are not well documented. Alternatively, it could be associated with seasonal changes in winds, wind waves, and coastal water levels. The y axis is on a log2 scale. The cone of influence is indicated by the white area by 95% confidence level due to the edging effects. The thick black contour encloses regions of greater than 95% confidence for a red noise process with a lag-1 coefficient of 0.72.
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Frequency Structure of Tidal Constituents
We apply HA to resolve tidal constituents from the tidal species. Long-term HA on 8 year data (resolving 69 constituents) indicates that tidal oscillations explain 98, 93, and 76% of the water level variations at Niupijiao, Xuliujing, and Nanjing, captured by HA, respectively. These ratios differ somewhat from the CWT power estimates in section 3.2, because the CWT power estimates include all frequencies, whereas the HA estimates only capture narrow- Figure 6 . CWT-determined wavelet power spectrum (scaled by the frequencies and presented in log-log axis) by averaging over time at Nanjing, Xuliujing, and Niupijiao. Df, Dm, and Dy indicate frequencies in the fortnightly, monthly, and yearly bands. 
Journal of Geophysical Research: Oceans
10.1002/2014JC010491
based tidal frequencies. At upriver stations, as suggested by Figure 6 , much of the energy is not in tidal frequencies. The M 2 tide is the most significant constituent followed by the S 2 and N 2 tides in the D 2 band and the K 1 and O 1 tides in the D 1 band (Table 1) . A diurnal to semidiurnal amplitude ratio (A K1 1 A O1 1 A P1 )/ (A M2 1 A S2 1 A N2 ) is 0.24 at Niupijiao, indicating a mixed tidal regime. In the D 4 band, the M 4 , MS 4 , and MN 4 tides are of limited amplitudes at Niupijiao; however, their amplitudes increase landward to Yanglin (e.g., yearly averages of 0.20 m for the M 4 tide, and 0.16 m for the MS 4 tide) and then decrease farther upstream.
Low-frequency tides grow strongly in the upper portion of the YRE. For example, the fortnightly MSf tide (T 5 14.8 days) is small at Niupijiao (0.026 m amplitude) but its amplitude increases profoundly to Xuliujing and further to Nanjing to $0.20 m. Another fortnightly tide, Mf (T 5 13.7 days), is overall less significant (e.g., 0.04 m at Nanjing), indicating the expected MSf dominance in the fortnightly frequency band. The monthly Mm tide (T 5 27.6 days) also increase landward, though its absolute amplitude is smaller than the MSf tide (0.078 m at Nanjing). Semiannual and annual water level oscillations, reflected by Ssa and Sa tides, respectively, are considerable at Niupijiao (amplitudes of 0.04 m for Ssa and 0.17 m for Sa) and they reach large amplitudes at Nanjing (0.32 m for Ssa and 1.89 m for Sa; see Table 1 ). These calculated ''Ssa'' and ''Sa'' tides do not necessarily have an astronomical source. Near the ocean, they represent semiannual and annual MWL variations in the marginal East China Sea, where MWL can be $0. 
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between 0.04 and 0.15 m. This seasonal pattern is less evident downstream Xuliujing. Instead, semiannual variations of S 2 , N 2 , O 1 , and K 1 tidal amplitudes become prominent at Xuliujing and Niupijiao. These seasonal variations are out of phase with the seasonal river discharge fluctuations. The semiannual variations reflect in part semiannual modulation of the oceanic tides, e.g., for O 1 that does not have substantial, neighboring constituent. They are also caused by constituents groupings that cannot be separated by STHA, e.g., the influences of unresolved constituents K 2 on S 2 , Nu 2 on N 2 , and P 1 on K 1 [Amin, 1985] . We note that the expected modulation of N 2 by Nu 2 is <20%, but the observed 6 month variations in N 2 are considerably larger.
A HA with a longer data window length (180 days) is used to resolve more tidal constituents, largely eliminating the effects of the unresolved constituents, though at the same time hides the modulations of tides by seasonally varying river discharge (Figure 8 ). The semiannual variations are generally smaller and more regular with the longer window (except at Nanjing because of strong river influence), though prominent semiannual variations remain, for example, for M 2 at Niupijiao. The later is presumably related to coastal processes at Niupijiao, and to a mix of coastal and fluvial processes elsewhere.
We then apply NSHA to interpret river discharge impacts on tidal constituents for river discharges between 10,000 and 45,000 m 3 /s (Figure 9 ). M 2 amplitudes decrease at Nanjing from 0.33 m for a river discharge of 10,000-15,000 m 3 /s to 0.14 m for a discharge of 40,000-45,000 m 3 /s, consistent with STHA results. Similar trends are seen for most astronomical constituents at Nanjing and Xuliujing, but M 2 decays more rapidly with increasing river discharges at Nanjing (i.e., averagely 0.061 m/10,000 m 3 /s) than at Xuliujing (i.e., averagely 0.025 m/10,000 m 3 /s) as expected for a more landward station. The O 1 and M 4 tides behave differently at Xuliujing, where the O 1 and M 4 amplitudes increase slightly with increasing river discharges.
Increasing O 1 amplitude may be attributed to energy transfer from M 2 and K 1 to O 1 through the M 2 -O 1 -K 1 triad interactions [Parker, 1991] , though it is not obvious why K 1 and O 1 behave differently. Increasing M 4 tidal amplitude at Xuliujing for a high river discharge is consistent with HA and CWT results and consistent with energy transfer from M 2 . Interestingly, the A M4 /A M2 amplitude ratio decreases at Nanjing (upriver) and increases at Xuliujing (downriver) with increasing river discharges. This phenomenon can be explained by river flow-enhanced tidal friction which has stronger effects in attenuating tidal amplitudes upriver but stronger effects in stimulating tidal wave distortion downriver (see section 4.2). In summary, NSHA results provide a valuable, quantitative perspective on the impact of river discharge on tidal properties.
Tidal Currents and Subtidal Friction
In this section, we relate subtidal water levels to variations in subtidal friction. Figure 10 shows the hourly tidal and daily averaged discharges at Xuliujing, together with daily discharge at Datong. The daily averaged tidal discharge at Xuliujing is coherent with the daily river discharge at Datong, aside from a short-time lag. Tidal elevation leads tidal discharge by about 70 min, indicating an essentially progressive tide. The ratios of flood tidal volume to ebb tidal volume at Xuliujing over a semidiurnal tidal cycle are about 0.6 and 0.1 in the dry and wet seasons, respectively, reflecting seasonal variations in river discharge. Daily averaged discharge at Xuliujing shows limited fortnightly subtidal variations. This is because the subfrequency tidal discharge is at least an order of magnitude smaller than the mean daily discharges.
CWT analysis of tidal discharges shows wavelet power spectra in the D 1 , D 2 , and D 4 bands similar to these for the tidal water levels (Figure 11 ). D 4 tidal currents are significant at Xuliujing, but only limited energy in the low-frequency bands is detected, indicating a much less enriched frequency structure relative to tidal water levels. This confirms the limited subtidal discharge variations seen in Figure 10 .
Cross-sectionally averaged tidal velocities provide dynamic insights into tidal water level variations (see Figure 12a) . Ebb currents are overall larger than flood currents, but currents may reverse such that the peak We use the residual currents and currents of tidal species to estimate the contribution of river flow, rivertide interaction, and tidal asymmetry on subtidal friction according to equations (A6)-(A8). This calculation shows that river discharge and river-tide interaction are the dominant factors creating substantial subtidal friction, while the contribution of tidal asymmetry is minor and negative at Xuliujing (Figure 12b ). The tidal asymmetry effect is negative because tidal wave distortion (faster high water propagation than low water) induces a flood-dominant tidal asymmetry. The tidal asymmetry term is relatively small because (1) D 1 tidal current amplitude is small, and (2) the D 2 and D 4 tides are nearly in quadrature with each other much of the year. In the dry season, river-tide interactions and tidal asymmetry have opposite signs and nearly cancel each other; thus, the contribution of river flow becomes significant in the balance.
The subtidal friction asymmetry between spring and neap tides explains the fortnightly subtidal water level variations. A linear regression between the total subtidal friction and the measured subtidal water levels at 
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Xuliujing has a skill of 0.62 (r 2 ). The predicted subtidal variations are in a good agreement with the measurements, indicating control of subtidal friction on subtidal water level variations (Figure 12c ). Physically, this means that a higher subtidal friction on spring tides causes more water accumulation in the upstream region of the estuary, elevating MWL on spring tides. Tidal currents are stronger and there is more friction during spring tides than on neap tides; thus, spring tides are also damped faster than neap tides in the landward direction. The spring-neap variations of subtidal friction are in essence similar to the observation of larger friction for ebb currents than for flood currents in river-influenced estuaries. Also current prediction is more accurate during the wet season than the dry season in Figure 12c , because of river dominance of subtidal friction through both river flow and river-tide interaction in the wet season. It is expected that the effects of river flow are more dominant upstream, while tidal asymmetry and river-tide interaction are more prominent downstream, but currents are available only at a single location, so that this idea cannot be directly tested.
Discussion
Sources of Subtidal Variations
Nontidal forcing contributes to subfrequency tidal signals, causing tidalists to discard these constituents as contaminated by noise [LeBlond, 1991; Jay and Flinchem, 1997; Denielson and Kowalik, 2005; Ray and Erofeeva, 2014] . In the YRE, atmospheric and/or oceanic conditions are partly responsible for the monthly and semiannual variations in the tidal ranges (see Figures 4a and 7) . The manifestation of surface tides by internal tides generated in the East China Sea may be an important contribution to the low-frequency variations in tides close to the coast, but future research is needed to quantify to what degree. Results in section 3.1 show that river discharge generates significant annual MWL variations and associated variations in tidal amplitudes, but limited variations in the fortnightly and monthly frequencies.
Tidal interactions are an important source of tidal monthly variations in tidal processes. The interaction of M 2 and S 2 causes spring-neap (fortnightly) variations in tidal properties; M 2 and N 2 interaction causes perigee-apogee (monthly) tidal variations. Since the M 2 tide is the dominant constituent in the YRE (e.g., 1.3 m at Niupijiao), an S 2 amplitude of 0.59 m could potentially cause a spring-neap tidal range difference of 2.36 m (about 2.21 m is detected from Figure 4a ) at Niupijiao. Similarly, an N 2 amplitude of 0.23 m at Niupijiao is able to induce monthly maximum and minimum tidal range differences of 0.46 m (about 0.48 m detected from Figure 4a ). Similar interactions occur between semidiurnal and diurnal tides (e.g., M 2 interacts with K 1 ). The tidal monthly variations in tidal ranges are also evident at Xuliujing but are dominated over by river-induced seasonal variations at Nanjing. It indicates spatially evolved tidal dynamics due to mixed coastal and fluvial processes in such a long system.
Tidal interactions also generate low-frequency tides. For instance, M 2 -S 2 interaction generates an MSf tide (because of x S2 -x M2 5 x MSf , where x is tidal frequency), and M 2 -N 2 interaction generates an Mm tide (because of x M2 -x N2 5 x Mm ). The generation of such compound tides reflects energy transfer from the principal bands to the subtidal bands [Parker, 1984; Aubrey and Speer, 1985; Amin, 1993] . Although tidal potential contains energy at the frequencies of MSf and Mm, this energy source is normally very limited and becomes negligible upriver [LeBlond, 1979] . HA results show that the MSf and Mm tides are small at Niupijiao and Datong, but gain significant energy in the central river, e.g., at Xuliujing and Nanjing. Cleary, fortnightly and monthly subtidal variations are dominantly created by frictional tidal interactions, mediated by river discharge but no directly by discharge.
CWT results indicate that the subtidal frequencies have their maximum amplitudes further upriver than the overtides. Larger MSf tidal amplitudes observed in the upstream parts of the Amazon and Columbia tidal rivers provide additional examples of this phenomenon [Gallo and Vinzon, 2005; Jay et al., 2014] , which may be general in large tidal rivers. When the MSf amplitude grows to be the same order of the principal tides (i.e., about S 2 1 K 1 ), the lowest low water level will be lower on neap tides than on spring tides, as observed at Nanjing. In that sense, lower MWL on neap tides than on spring tides can be interpreted as resulting from a forced fortnightly constituent.
That the amplitude maxima in the fortnightly and monthly tides are further landward than the maxima in the overtides has two causes. First, scaling arguments suggest that damping rate increases with frequency [Godin, 1999] . This idea applies directly only to linear tidal constituents that do not have an energy source Journal of Geophysical Research: Oceans
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from frictional interaction in the tidal river, so that their amplitudes are controlled only by the balance between convergence and friction. It does emphasize, however, that internally generated overtide constituents cannot persist over long distances. The other reason is the fact that the fortnightly waves have a wavelength very much longer than the length of even a tidal river like the YRE and move through the system very slowly so that there is little or no phase variation along channel. Thus, the fortnightly waves should persist almost to the head of the tide, well landward of the point where overtide waves have almost disappeared.
River-Tide Interactions
River discharge has substantial effects on tidal dynamics by dissipating tidal energy, damping tidal amplitude, and altering tidal phases [Godin, 1985 [Godin, , 1999 Jay, 1991; Jay and Flinchem, 1997] . Theoretical analysis suggests that the amplitude of an incident wave from the ocean should vary in the landward direction with the square root of river discharge in a channel of constant width and depth [Jay and Flinchem, 1997] , which leads to an approximately linear relationship between tidal damping modulus and river flow in the Columbia River estuary [Kukulka and Jay, 2003a] . The independent tidal damping effects by varying river discharge are, however, still poorly quantified because tidal damping is nonlocal; it is the integrated results of tidal wave propagation through a given channel geometry, and tidal decay is a nonlinear process. In this work we provide quantitative estimates of tidal amplitude variations under different river discharge conditions using NSHA (see Figure 8) , which illustrates the impact of river discharges in causing tidal decay. It also emphasizes that the ''harmonic constants'' are not really constant over time in highly nonstationary river estuaries.
River discharge also modulates tidal interactions and the resultant generation of overtides and compound tides. This modulation is nicely reflected by enhanced M 4 generation at Xuliujing but reduced M 4 amplitudes at Nanjing during high flow periods. Though the absolute M 4 amplitudes are larger at Xuliujing than Nanjing, the M 4 tide has a larger amplitude and the A M4 /A M2 amplitude ratio is larger in the wet season downriver (e.g., at Xuliujing), whereas maximum M 4 amplitude and larger A M4 /A M2 amplitude ratio occur in the dry season upriver (e.g., at Nanjing). This suggests stronger tidal wave deformation upriver during the dry season but stronger tidal wave deformation downriver in the wet season. River discharge plays a significant role here by river-enhanced subtidal friction, which attenuates tidal energy upriver while stimulating energy transfer from the principal tides to overtides downriver.
Tides also influence outgoing river flow. River discharge induces MWL setup in the upstream region of an estuary (see Figure 3) . A MWL rise up to 10 m at Datong in the YRE is beyond what a Stokes drift can explain, but can be partly seen as the ''backwater effect'' of the incoming tides exerting on the outgoing river flow.
Implications for River Tidal Dynamics
Low-frequency tidal processes partially explain subtidal water level variations. The lower lowest low waters occur on neap tides rather than on spring tides upstream Jiangyin in the YRE, because of the decayed of the principal tidal species with amplified subtidal frequencies upriver. For instance, at Nanjing, the MSf has an amplitude comparable with M 2 (see Table 1 ). The reversal of low waters between spring and neap tides can affect regional ecosystems and navigation channels; it thus deserves management attention. Furthermore, that the amplitude of the subtidal water level variations is comparable to that of the principal tides indicates a transition between fluvial and tidal dominance in the Yangtze tidal system. According to Shen [2003] , Zhenjiang and Jiangyin are the locations where tidal currents cease to reverse in direction in the wet and dry seasons, respectively. Thus, following Jay et al. [2014] , the subtidal phenomena can be used to define Jiangyin (or somewhere between Jiangyin and Zhenjiang) as an approximate boundary in the YRE between the tidal river (upstream) and the estuary (downstream). This division between tidal river and tidal estuary is of practical importance in that coastal and estuarine processes exert a dominant influence on tidal dynamics and associated sediment transport that persists hundreds km landward, before the river flow become the dominant influence on tidal oscillations further landward.
River-tide interactions also strongly affect tidal asymmetry. Parker [1984] Speer et al. [1991] found that the magnitude of tidal distortion increased with increasing D 2 amplitude or decreasing mean tidal level. Wang et al. [1999] further confirmed that tidal asymmetry is stronger on spring tides than on neap tides. In this work, we found larger A D4 /A D2 amplitude ratios (determined by CWT) on spring tides than on neap tides both at Nanjing and Xuliujing (Figure 13a ). The A D4 /A D2 amplitude ratios are also larger at Nanjing than at Xuliujing in the dry season (Figure 13b ), suggesting that the D 2 tidal energy is increasingly transferred to the D 4 band upriver, though the tides are overall more damped therein. The variations of A D4 /A D2 are correlated with the A M4 /A M2 ratios (Figure 9 ), confirming the nonlinear behavior of quarter-diurnal tide in response to increased river discharges.
The nonlinear M 4 tide and its associated tidal asymmetry is one of the dominant mechanisms generating residual sediment transport in many systems [Dronkers, 1986] , but river flow in the YRE is so strong that the effects of tide-induced asymmetric currents on residual sediment transport are limited compared to flowenhanced, ebb-directed sediment transport [Guo et al., 2014] . However, tidal interactions and the resultant tidal asymmetry are still important in that they cause fluctuations in bed friction and water levels that have impacts on navigation and ecosystems.
The instantaneous response of YRE tides to time-varying river discharges is still not fully resolved by available HA and CWT techniques and new methods are needed. As one potentially useful approach, Matte et al. [2013] generalized HA by modifying the basis functions used in T_TIDE [Pawlowicz et al., 2002] to reflect the impact of nonstationary river flow based on Jay [1991] and Jay [2003a, 2003b] . In this NS_TIDE approach, the tidal ''constants'' of HA are modified so that they are low-order polynomial functions of river flow and ocean tidal ranges. Thus, the output of NS_TIDE is a time series of amplitudes and phases of tidal constituents. NS_TIDE attempts to provide the merits of HA and CWT and at the same time overcomes their defects. First applications of NS_TIDE method in the Columbia River estuary [Matte et al., 2013] and the St. Lawrence estuary [Matte et al., 2014] show that it can be a useful tool in analyzing and understanding nonstationary tidal signals. Further application of NS_TIDE to the strongly variable river flow seen in the YRE could help to validate the usefulness of NS_TIDE as well as elucidating YRE tidal dynamics.
Conclusions
We have explored nonstationary and nonlinear tidal dynamics based on tidal analysis in the YRE. We have applied HA and CWT methods to multiple time series of water levels to resolve tidal species and constituents. Tidal height and CWT analyses reveal significant subtidal variations in tidal water levels, tidal ranges, and tidal amplitudes. Tidal fortnightly and monthly variations in water levels are largely explained by flowenhanced tidal interactions between astronomical constituents that generating subtidal motions. Nontidal forcing, herein river discharge and probably oceanic internal tides, induces oscillations with semiannual and annual frequencies. Semiannual variations in major tidal constituents that are out of phase with seasonal river discharge variations occur near the river mouth and remains to be explained. MWL is observed to be lower on neap tides than on spring tides in a large portion of the estuary (upstream Wusong) because of enhanced generation of fortnightly tidal waves. The lowest water levels are lower on neap tides in the tidal river portion (upstream Jiangyin) because the amplitude of the fortnightly waves becomes comparable with the damped astronomical tides landward of this point. Based on the significance of the fortnightly tides, we suggest a division around Jiangyin (km-405) to distinguish a tidal river portion and tidal estuary portion in the Yangtze tidal system.
CWT analyses reveal strong time-varying tidal damping of principal tides along with spatial evolution of the tidal spectrum. Both the sub and supratidal frequencies are of limited amplitude at the coast, but are substantial and exhibit strong spatial variability in the estuary. The A M4 /A M2 and A D4 /A D2 amplitude ratios are larger upriver in the dry season and larger downriver in the wet season, indicating that nonlinear M 4 tidal distortion varies with river discharges. That is, M 4 amplitude represents a balance between generation from M 2 and decay due to river flow, and higher river discharge push the point of maximum M 4 amplitude downriver. A decomposition of subtidal friction suggests that river flow and river-tide interaction are the major contribution to subtidal friction and associated fortnightly subtidal water level variations. Overall, river discharge plays a substantial role in controlling tidal interactions by dissipating the principal (linear) tidal constituents and stimulating tidal energy transfer from the principal bands to the lower and higher frequencies.
The HA and CWT results are consistent with each other and combined usage of them reveals nonstationary and nonlinear nature of river tidal dynamics, providing perspectives on river-tide dynamics. NSHA is shown to be a useful technique for analyzing tidal-fluvial interactions, but it has limitations related to the disparate sections of data analyzed within any each discharge range, and a lack of distinction between rising and falling hydrographs.
Understanding river tidal dynamics and river-tide interactions has important implications for tidal prediction and for managing estuarine ecosystem services. Intensified regulation of river discharge processes by dams in the Yangtze River basin and the potential impact of climate change on river flow will impose further alternation on the river tidal dynamics. More and better water level and current data are needed to infer detailed along-channel evolution of the tidal frequency structure. Also, the behavior of the tidal monthly and seasonal variations need further study, for example to differentiate the effects of coastal processes like internal tides from nontidal forcing by river flow. 
where s is the scale (or frequency); k and k 0 are time series; dt is the uniform time step (1 h in this study), and M is the length of the time series; w is a normalized wavelet function that has unit energy at each scale s. Normalization of wavelet function is enforced to ensure that the wavelet transforms are directly comparable to each other at each scale. Then the wavelet amplitude |W k (s)| and wavelet power |W k (s)| 2 are estimated by varying the wavelet scale s and translating along the localized time k. Data gap in H(t) is filled by NaN value in the CWT analysis.
A CWT requires a wavelet function (symmetric in its real and asymmetric in its imaginary parts) whose form and scale are optimized for tidal analysis. The choice of wavelet function and its scale is crucial for adequate results. Here we employ a prototype Morlet function as that used by Torrence and Compo [1998] and Sassi and Hoitink [2013] . The Morlet wavelet is nicely applicable for tidal signals because it satisfies the admissibility condition (i.e., the wavelet oscillates to have its mean value equal to zero) [Daubechies, 1992; Farge, 1992] and its wavelet scale (when x o 5 6) is almost equal to the Fourier period [Torrence and Compo, 1998 ]. The Morlet wavelet function reads as 
where x o is dimensionless frequency and c is dimensionless time. x o is set to 6 here for tidal analysis because it provides a good balance between time and frequency resolution [Grinsted et al., 2004] .
In essence, the CWT transforms a time series water levels in a manner somewhat similar to a Fourier transform. But the one-dimensional input is transformed into a two-dimensional output in time frequency; thus, one is able to determine both the dominant frequency mode and the variations of this mode over time [Jay and Flinchem, 1997; Torrence and Compo, 1998 ]. We can check the performance of CWT by reconstructing a time series of signal based on the following equation [Torrence and Compo, 1998 ]:
where dj is scale step (0.1 in this study thus indicating 10 scales per octave); dt is the time step in the original data; C d is a constant factor (value of 0.776) for the Morlet wavelet; J is the total number of scales; R{Á} indicates the real part of the complex wavelet transform. Preliminary analyses showed that the CWT performed quite well by giving a mean squared error of 0.67 cm on 3 years ' data (2008-2010) at Xuliujing in the YRE, for example, indicating the selection of wavelet and scale step to be reasonable.
The amplitude of each discrete scale is obtained by a normalization correction to |W k (s)|. Since the scales in CWT analyses are not exactly coincidently identical to the frequencies of tidal constituents, the CWT analysis abandons astronomical tidal constituents (e.g., M 2 and S 2 in the semidiurnal band; O 1 and K 1 in the diurnal band). Instead, we calculate amplitudes of the physical tidal species (e.g., the diurnal, semidiurnal and quarter-diurnal bands, namely D 1 , D 2 , and D 4 , respectively here) by integrating wavelet power in the diurnal, semidiurnal and quarter-diurnal frequency bands and converting them into wavelet amplitude, as follows: One constraint of CWT is that the wavelet-frequency resolution decreases as scale decreases and time resolution increases. There is a trade-off between time and frequency uncertainties embodied in the Heisenberg uncertainty principle [Jay and Flinchem, 1997; Torrence and Compo, 1998 ]. There are also increasing edge effects for longer wavelets (lower frequencies) at both ends of a time series [Torrence and Compo, 1998; Grinsted et al., 2004] . These factors suggest that a longer time series of data is preferred, especially for lower frequency signals. Nonetheless, a CWT analysis nicely illustrates the adjustment of river tides to rapid river discharge variations. Thus, it is an effective method to analyze nonstationary tidal signals.
The detected subtidal behavior are explained by subtidal friction variations based on a total current decomposition by U 5 u 0 1 u 1 cos(x 1 t 1 ø 1 ) 1 u 2 cos(x 2 t 1 ø 2 ) 1 u 4 cos(x 4 t 1 ø 4 ) and an approximation of the quadratic friction by U|U| % aU 1 bU 3 . Integration of the friction term over a diurnal tidal cycle leads to three subtidal friction terms remained , as follows: 
